INTRODUCTION
In Saccharomyces cerevisiae, the sexual differentiation circuit serves as a classic paradigm for the genetic control on cell type and ploidy in all eukaryotes. In this model, the mating-type (MAT) loci MATα and MATa encode transcriptional factors responsible for α, a and α/a identity. The default mating type is a: a-specific genes (asgs) are repressed by α2 to obtain the α mating type and the activation of α-specific genes (αsgs) controlled by α1 (Haber 2012) . Consequently, cells that express only the MATα-or MATa-encoded DNA-binding proteins are haploid and mating-competent α-cells and a-cells, respectively. When strains with opposite mating-type mate (heterothallism), they generate a diploid α/a progeny incompetent for mating, because the a1/α2 heterodimer turns off the αsgs and asgs. Additionally, diploid cells may arise from mating between cells of the same strain, due to mating-type switching (secondary homothallism), which allows MATa cells to change to MATα, or vice versa. In S. cerevisiae, this process requires two identical, but silenced copies of MAT locus, HMLα (Hidden MAT Left) and HMRa (Hidden MAT Right), at distant locations on the same chromosome. These loci act as templates during intrachromosomal MAT gene interconversion. Recombination is triggered by two blocks of conserved sequences flanking the MAT, HMR and HML loci (the X and Z regions) and starts with a double-strand break (DSB) at the MAT locus, catalysed by the homing endonuclease-derived protein HO (Hanson and Wolfe 2017) . Fine-tuned regulatory networks assure that only the G1 haploid mother cell switches after the daughter cell has budded (Chen and Gartenberg 2015) .
Recently, comparative genomics revealed that sexdetermining mechanisms are unusually plastic in the hemiascomycetes and that 'evolutionary solutions' alternative to the standard model account for the high variability of lifestyle and mating-type switching found in this lineage. Like S. cerevisiae, species that underwent whole-genome duplication (post-WGD) contain both components of the switching machinery, i.e. an HO gene and three MAT-like cassettes, but with a different degree of specialisation, genetic and epigenetic control. Candida glabrata, the closest to S. cerevisiae among Candida species, is without the linkage between HMRa and MAT/HMLα loci and rarely switches genotype (Butler et al. 2004; Gabàldon et al. 2013) . When forced to switching mating-type by the constitutive expression of heterologous HO genes, the cells died or underwent abnormal chromosomal rearrangements (Boisnard et al. 2015) .
In species that branched before the WGD (pre-WGD), the genetic circuits controlling cell identity and mating-type switching have been extensively rewired compared to S. cerevisiae. In pre-WGD species, the three MAT-like cassette system can be missing and switching can be HO independent (Butler et al. 2004; Fabre et al. 2005) . In most pre-WGD species, MATa locus also contains the MATa2 gene coding for the HMG domain protein a2 (Butler et al. 2004; Gordon et al. 2011) . In the haploid species Kluyveromyces lactis, a2 positively controls the asgs (Tsong et al. 2003 (Tsong et al. , 2006 , while the transposase-like protein α3 supplants an unfunctional HO in catalysing the genotype switching (Barsoum, Rajaei andÅström 2011; Rajaei et al. 2014) . Overall, these findings support that the triplicated MAT-like cassettes originated at the base of Saccharomycetaceae family and initially underwent 'passive' mating-type switching at low frequencies by gene conversion; then HO gene was gained by 'domestication' of selftransposing genes (Butler et al. 2004; Koufopanou and Burt 2005; Rusche and Rine 2010) .
Under this evolutionary scenario, the haploid yeast Zygosaccharomyces rouxii represents one of the first pre-WGD species with the canonical three-cassette system and, differently from K. lactis, a putatively functional HO endonuclease (Butler et al. 2004; Solieri et al. 2014) . Like C. glabrata, Z. rouxii does not display the linkage between HMR and MAT/HML and the α to aidiomorph switching occurs via interchromosomal recombination. Additionally, haploid strains frequently exhibit redundant number of MAT-like cassettes flanked by variable genes, resulting from ectopic recombination between MAT-like loci (Watanabe, Uehara and Mogi 2013). A study about the interchromosomal rearrangements in Z. rouxii species suggested that CBS 732 T stock of Z. rouxii type strain underwent reciprocal translocations between the MAT and HMR loci, changing the left side of MAT cassette from the typical pre-WGD DIC1-MAT-SLA2 arrangement to CHA1-MAT-SLA2 (Gordon et al. 2011) . However, there are no data on the frequency of this organisation in other Z. rouxii strains.
Among the Z. rouxii type strain stocks, only CBS 732 T has genetic tools and genome sequencing project available (Prybilova et al. 2007; Souciet et al. 2009 Table S1 (Supporting Information). They were routinely cultured at 28
• C in YPD medium with or without 1.5% (w/v) agar and maintained at 4
• C for the duration of experiments. Self-cross and outcross fertility assays were performed as previously described (Bizzarri et al. 2016 
DNA manipulation, standard PCR reactions and sequencing
Genomic DNA (gDNA) was extracted according to Sambrook, Fritsch and Maniatis (1989) , and gDNA quantity and quality were evaluated spectrophotometrically using a NanoDrop ND-1000 device (Thermo Scientific, Waltham, MA, USA). PCR amplifications were carried out in 25 μl reaction volume containing 200 ng of template gDNA, using a T100 Thermalcycler (Bio-Rad). DreamTaq DNA polymerase (Thermo Scientific) was used according to the manufacturer's instructions, with the exception of >2 kb long amplicons, which required Phusion Hot Start II Polymerase (Thermo Scientific). All primers were listed in Table S3 (Supporting Information). PCR products were sequenced on both strands (MWG, Heidelgerg, Germany). Sequences were assembled and edited using DNAStar Software (DNASTAR, Inc. Madison, WI, USA). Blastn and Blastp queries were performed at the NCBI server (Altschul et al. 1997) . Nucleotide and amino acid sequences were aligned in Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). copy 2 (GenBank: AMB17487), CBS 732 R MATa2 and CBS 732 P MATa2 copies 2 (this work). The horizontal black bars indicate the conserved MATA-HMG box and the divergent C-terminal specific tag (cp1-and cp2-tags). The amino acid identities were coloured according to the Clustal colour scheme, and Jalview (Waterhouse et al. 2009 ) provided the conservation index at each alignment position. Abbreviations: M, molecular weight marker; R, CBS 732 R stock; P, CBS 732 P stock; NTC, no-template control.
Protein alignments were visualised with Jalview Version 2.10.1 (Waterhouse et al. 2009 ).
Colony PCR
Mating-type was determined on individual colonies (36 colonies for CBS 732˙R and 50 for CBS 732 P, respectively) using specific primers, which can discriminate the mating-type at the MAT locus by amplifying its upstream (Table S3) . At least three colonies of each identified mating-type were then restreaked on YPD agar plate, allowing cells to grow into individual subcolonies, and at least 16 subclones per genotype were PCR-tested. DNA was extracted from 48-h-old cells using the LiOAc-SDS method (Lõoke, Kristjuhan and Kristjuhan 2011) . One microlitre of LiOAc-SDS extracted DNA was PCR-amplified as reported above. Cycling conditions consisted of an initial denaturation at 94
• C for 2 min followed by 35 cycles of 1 min at 94
• C, 1 min at 55
• C and 90 s at 72
• C, with a final extension step at 72
• C for 10 min.
RNA extraction, cDNA synthesis and RT-PCR
RNA was extracted from exponentially and stationary growing cells, cultured in standard and salt-supplemented media (Table S2 ) (Solieri et al. 2016) . RNAs were reverse transcribed using 0.5 μM oligo (dT) and RevertAid H Minus Reverse Transcriptase (Thermo Scientific) according to the manufacturer's instructions. cDNAs (25 ng) were amplified using DreamTaq polymerase with primers listed in Table S3 .
RESULTS AND DISCUSSION

Mating-type determination
Zygosaccharomyces rouxii genome sequence reports that strain CBS 732 T has a MATα expression locus on chromosome F flanked by CHA1 at the left side and SLA2 gene at the right side (Souciet et al. 2009 ). To evaluate the Z. rouxii MAT genotype, we set up a PCR amplification using one reverse primer specific for Yα or Ya together with a forward primer on the common flanking gene CHA1 (Fig. 1A) . During the protocol setting, we used the in-house stock culture of Z. rouxii CBS 732 T (termed CBS 732 R) as MATα positive and MATa negative control. Unexpectedly, CBS 732 R yielded two strong PCR products with both Yα-and Ya-specific reverse primers (Fig. 1B) . Our result was validated by repeating the MAT screening on another derived culture of strain CBS 732 T (termed CBS 732 P), which was stored in a different laboratory (Fig. 1B) . We also checked the Y/Z junction ( Fig. 1A ) and confirmed the integrity of HO recognition site and that SLA2 gene flanked both Ya and Yα sequences at the 3 end (data not shown). (Souciet et al. 2009) , at the bottom after MATα to MATa switching. Blue shading denotes the X and Z regions. Ho endonuclease target site is also displayed inside the Z region. MATa2 copy specific-3 end tags are indicated as pink, green and brown tips (cp1-, cp2-and cp3-tags). Abbreviation: cp1, copy 1; cp2, copy 2; cp3, copy 3.
Watanabe, Uehara and Mogi (2013) reported that in the Japanese stock of the Z. rouxii type strain, NBRC 1130 T , DIC1
and SLA2 genes flank MATα locus at the left and right side, respectively, while CHA1 lies at the left side of the HMRa cassette. Our findings could be due to a mixed culture with a subpopulation harbouring the CHA1-HMRa arrangement, like NBRC 1130 T .
Thus, PCR analysis was performed using specific primers that annealed to MAT-flanking regions CHA1 and SLA2, and consequently the Y regions were screened by a seminested approach. Our results excluded the MAT-like loci arrangement found in NBRC 1130 T and supported the existence of two CHA1-MATa-SLA2 and CHA1-MATα-SLA2 loci in CBS 732 R and CBS 732 P. RT-PCR with primers for the MATa1, MATa2, MATα1 and MATα2 targets confirmed that these genes are actively transcribed in both cultures (Fig. S1 , Supporting Information). Sequencing of PCR products showed that both stocks had the MATα locus identical to that reported in CBS 732 T genome project, while the MATa locus differed from CBS 732 T HMRa at the 5 end (data not shown). Zygosaccharomyces rouxii retains the MATa2 gene in this MAT portion (Butler et al. 2004) . MATa2 proteins from both CBS 732 T derived cultures (termed copy 2) were 94.08% identical to that encoded by HMRa (termed copy 1), while they were 100% identical (except for one single amino acid insertion) to a2 copy 2 protein characterised in Z. rouxii allodiploid strain ATCC 42981 (Bizzarri et al. 2016) . Both a2 copies conserved the MATA-HMG box required for DNA binding, while differed each other for the C-terminal ends, therefore termed as copy 1 and copy 2 tags (cp1-and cp2-tags) (Fig. 1C) . These tags are encoded by the 3 end of MATa2 gene at the left of the X region, whereas the MATA-HMG domain is encoded by the sequence across the Ya and X regions. The MAT locus structure was examined to tentatively infer the mechanism that generated a new a2 protein variant in switched Z. rouxii cells (Fig. 2) . The MATa2 portion encoding the cp2-tag lies at the left of the X region. In Saccharomyces cerevisiae, HO cuts the Y-Z junction to induce a DSB and the Yα sequence to the left of the DSB is replaced by strand invasion and primer extension using a Ya donor sequence as template (Haber 2012) . If Z. rouxii retains a similar mechanism, the 3 end of the invading strand primes for the new DNA synthesis, which copies the donor Ya sequences until the X region. The newly synthetised DNA joins to the X region at the MAT locus, so that the upstream region completes the MATa2 ORF with the cp-tag. In Z. rouxii, ectopic recombination changes the 5 -MAT flanking sequence and results into different MATa2 cp-tagging. For example, in NBRC 1130
T the α to a-idiomorph switching generated the opposite cp2-to cp1-tag conversion because CHA1-HMRa cassette acts as donor instead of DIC1-HMRa (Watanabe, Uehara and Mogi 2013). Intriguingly, the allodiploid ATCC 42981 harbours a third MATa2 variant (Bizzarri et al. 2016) , which diverges from MATa2 copies 1 and 2 for the portion between the left of the X region and ZYRO0F18634 gene (cp3-tag) (Fig. 2) . A crucial feature of this switching model is that MATa2 gene variants did not arise from interspecific hybridisation, but from ectopic recombination in MATa strains and ectopic recombination followed by mating-type switching in MATα. In both cases, distinct a2 isoforms might have important and yet unexplored functional consequences on a-type determination, as Z. rouxii, like other pre-WGD species, conserves the ancestral mechanism of asg activation mediated by a2 (Baker et al. 2012 ).
Mating-type colony screening
Colony PCR was used to confirm that both cultures contain switched haploid cells and to investigate the presence of heterozygous MATα/a subpopulations. Cells from CBS 732 R and CBS 732 P were streaked onto rich medium and the resulting colonies were directly checked by PCR with MATa and (Fig. S1 ).
To better understand the nature of mixed MATα/a colonies, we performed MAT genotyping on subclones derived from another round of streaking. From mixed MATα/a colonies, we obtained both pure and mixed subclones, the latter with a strong PCR product for the prevalent mating-type (α for CBS 732 P and a for CBS 732 R) and a weaker signal for the opposite one (Table 1) . Although we cannot completely rule out the possibility of rare MATα/a diploid cells, difference in PCR intensity supports that the streaking progressively allows to disaggregate cell clumps with opposite mating-type, or, alternatively, that the switching is rare or belated during the colony formation. This partially disagrees with that found in S. cerevisiae, where half of the haploid cells in a colony are able to switch mating-type in any one cell division (Haber 2012) .
We also determined MAT genotype in subclones derived from pure MATα and MATa colonies. We did not observe backward switching between mating-types in all CBS 732 P subclones and in CBS 732 R subclones from pure MATα colonies (Table 1) . These results could be partially biased by limited sampling size. CBS 732 R MATa colonies mainly retained MATa genotype (73.5%), but rarely underwent switching, resulting in a few number of MATα/MATa (20.4%) or pure MATα (6.1%) subclones. These data confirm that mating-type interconversion is rare in these clones, at least in our conditions.
HO gene expression
Zygosaccharomyces rouxii HO conserves the eight intein motifs (termed A to H) lying at their C-and N-terminals, which form the relic of the protein-splicing domain in S. cerevisie HO (Solieri et al. 2014) . Considering the role of S. cerevisiae HO in initiating gene conversion at the MAT locus, we tested its expression in both CBS 732 T cultures. In addition to standard conditions, cells were grown under salt stress, since hyperosmotic stimuli are reported to induce switching, mating and sporulation in Z. rouxii (Mori and Onishi 1967; Mori 1973) . Non-quantitative RT-PCR with HO-specific primers showed that exponentially and stationary growing cells actively transcribed HO gene in all the tested conditions (Fig. 3) . Even if CBS 732 T subcultures have HO transcripts, colony genotyping suggests that they rarely undergo mating-type switching. These data could indicate that the HO expression is not crucial in triggering MAT switching or, alternatively, that HO is under post-transcriptional controls. To support the first hypothesis, there is the evidence that Z. rouxii HO cells slightly decrease switching frequency compared to wild types (Watanabe, Uehara and Mogi 2013) . By contrast, S. cerevisiae HO and ho strains exhibit difference in switching frequency of 10 6 order of magnitude (Hicks,Strathern and Herskowitz 1977) . These lines of evidence suggest that Z. rouxii could switch mating-type by a mechanism partially independent from HO expression. In S. cerevisiae, HO transcription is tightly regulated and its expression is detectable only in a short period of the late G1, after the mother cell has committed itself to another mitotic cell cycle (Nasmyth 1993) , whereas it is repressed in diploid MATα/MATa cells (Jensen et al. 1983) . Moreover, S. cerevisiae switches matingtype both on minimal and rich medium, suggesting that HO expression is unaffected by stress conditions (Strathern and Herskowtiz 1979) . Consequently, we expected that in an unsynchronised log-phase haploid population, half of the homothallic cells would actively express HO gene and switch mating type at any one cell division, while the unbudded cells at the stationary phase would switch off HO (Strathern et al. 1982) . Our results are consistent with the haploid status of CBS 732 T (Solieri et al. 2008) and partially disagree with the HO transcriptional profile described in S. cerevisiae. In both species, HO transcription is independent from the environmental conditions, but in Z. rouxii HO gene also escapes the growth-phase control, suggesting that this regulatory module has merged later in the evolution of hemiascomycetes or it was lost in Z. rouxii. In any case, functional complementation assays of Z. rouxii HO in S. cerevisiae HO knockout mutants and GFP-tagged HO experiments could definitively elucidate whether HO plays a functional role in Z. rouxii mating-type switching.
Morphology and fertility assay
We checked the morphology and the mating ability of CBS 732 R and CBS 732 P grown as mono-culture or in mixing with CBS 4837 (a) or CBS 4838 (α) mating testers. Figure 4 depicted the Table S2 ); Z, conjugation bridge with emerging zygote; Sm, shmoo projections (single cells with mating projection); G, giant cells; S, putative conjugated asci with two spores; CT, abnormal conjugation tubes. Budded cells grown in YPD for 24h were used as control (ctrl) and put at the left. Scale bars represent 11 μm.
main morphological changes observed in fertility assays, while Table S5 (Supporting Information) reported the percentage fractions (%) of cells exhibiting morphologies deviating from canonical ovoid budding cells. After 1 week of incubation, cells from single cultures were larger and hyperelongated on all test media compared to the control round-oval cells (Fig. 4) . These round or moderately elongated cells often displayed hyperelongated buds. Budding pattern was difficult to determine by visual inspection owing to the clumping manifested by these strains, mainly in salt medium. However, CBS 732 R and CBS 732 P seemed to shift from axial to distal budding in test media relative to control condition, resulting in a filamentous-like growth. These morphological changes resembled those seen during pseudohyphal growth (Cullen and Sprague 2012) or, alternatively, during chemotropic response to low pheromone gradient (Erdman and Snyder 2001; Paliwal et al. 2007) . Nonetheless, we did not find any rough and wrinkled colony correlated to pseudohyphae and invasive growth phenotype (Palková and Váchová 2006) . Furthermore, we frequently observed that bud emergence in mother cells initiated in advance compared to daughter cells (Fig. 4) . This budding pattern is distinct from that observed in cells forming pseudohyphal chains, where mother and daughter cells bud synchronously (Erdman and Snyder 2001) . Therefore, hyperelongated morphology could be a signal of chemotropism due to a mixture of MATα and MATa cells.
In Z. rouxii, zygote resulting from mating produces new buds at either one or both ends, which remain connected to the zygotic mother (Mori 1973) . Therefore, differently from S. cerevisiae, in Z. rouxii mating events were difficult to discern from filamentous-like growth. Nevertheless, a few zygotes emerging from the conjugation bridge were observed, mainly when CBS 732 R and CBS 732 P monocultures were grown on salt medium (Fig. 4) . This is consistent with the previous observation that salt induces mating (Mori and Onishi 1967) . However, we did not observe any conjugative asci with dumbbell shape, as generally described after successful mating in Zygosaccharomyces spp.
CBS 732 R and CBS 732 P behaved differently when mixed with CBS 4837 or CBS 4838 testers (Fig. 4) . CBS 732 P cells exhibit hyperelongated morphology in response to CBS 4837 or CBS 4838. We observed both elongated and round shape cells in which the buds had an elongated or peanut shape. Shmoos were observed in co-culture with CBS 4838 and zygotes resulting from shmoo fusion were visible in co-cultures with CBS 4837 or CBS 4838. In both assays, giant round shape cells were also present. Mori (1973) described large cell clones as a result of mating followed by karyogamy between MATα and MATa haploid cells or MATα/MATα and MATa/MATa diploid homozygous cells. Similarly, these giant cells could arise from budded zygotes after mating and karyogamy.
Unlike CBS 732 P, CBS 732 R did not exhibit hyperelongated morphology in mixture with CBS 4837 or CBS 4838 (Fig. 4) . Instead, cells were mainly round ovoid in all media tested and some giant round cells were also detected. In the presence of CBS 4837, starting from 4 days, we rarely observed abnormal long projections (termed as conjugation tubes, CT) emanating from a round-like cell body (Fig. 4) . These structures were much longer than the S. cerevisiae shmoo, and resembled those formed by Candida albicans MTLa/MTLa in mixture with MTLα/MTLα opaque-phase cells or in response to α signals (Miller and Johnson 2002; Daniels et al. 2003; Lockhart et al. 2003) . Furthermore, many of these tubes seemed to form buds at the tube apices, presumably because no tubes of the opposite mating-type were encountered and/or pheromone was rapidly degraded by secreted aspartyl proteinases. After 14 days, the buds at the tube apices remarkably grew and giant cells were more abundant than after 7 days (17.01% vs 9.60%). Conjugation tubes were rarely produced by CBS 4837 (a) in monoculture (data not shown) and seemed to be inhibited by CBS 732 P. Why no conjugation tubes were observed when CBS 4837 was mixed with CBS 732 P has not been understood yet. These abnormal structures deserve further investigations, especially given that CBS 4837 genome has been recently described as allodiploid (Sato et al. 2017 ). This could mean that strains conventionally described as mating testers, such as CBS 4837 and CBS 4838 (Mori and Onishi 1967) , could have uncertain ploidy identity due to unpredictable interactions between two partially introgressed parental genomes (Bizzarri et al. 2016) .
In conclusion, this study provides a model for mating-type switching in haploid homothallic yeast, which merged from the common ancestor of the Saccharomycotina subphylum, after the gain of HO endonuclease. We obtained isogenic, pure MATα and MATa cultures suitable for breeding programs and pheromonebased studies on cell-to-cell communication. In our model, novelty was generated by new alternative MATa2 copies which share MATA-HMG-box but differ in cp-tags. Markedly, Z. rouxii regulates the asgs by a hybrid regulatory circuit controlled by both a2 (activation) and α2 (repression) (Baker et al. 2012) . One interesting questions is whether different cp-tags affect the affinity of a2 transcriptional factor towards gene target promoters. Similarly, the cell-cycle relaxation on HO transcription suggests a difference between Z. rouxii and S. cerevisiae on the role of HO in mating-type switching, which deserves further studies. Despite being preliminary, morphological heterogeneity between the CBS 732 R and CBSR 732 P suggests that mating-type switching could have consequences on phenotype beyond the MAT interconversion. Zygosaccharomyces rouxii homothallic haploid cells seem to elude the assumption that subcultures originating from the same strain should be considered genotypically and phenotypically identical. Indeed, recombination at the MAT locus could produce intrastrain genotype variation and lead to genetic instability and phenotypic novelties inside the progeny cells upon which selection can act.
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